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To identify candidate genes involved in the aggressive behavior of worker honeybees, we used the differential
display method to search for RNAs exclusively detected in the brains of aggressive workers that had attacked
a hornet. We identified a novel, 10,152-nucleotide RNA, termed Kakugo RNA. Kakugo RNA encodes a protein
of 2,893 amino acid residues that shares structural features and sequence similarities with various picorna-like
virus polyproteins, especially those from sacbrood virus, which infects honeybees. The Kakugo protein contains
several domains that correspond to the virion protein, helicase, protease, and RNA-dependent RNA polymer-
ase domains of various picorna-like virus polyproteins. When the worker bee tissue lysate was subjected to
sucrose density gradient centrifugation, Kakugo RNA, except for the material at the bottom, was separated into
two major peaks. One of the peaks corresponded to the position of Kakugo mRNA, and the other corresponded
to the position of the poliovirus virion. These results suggest that the Kakugo RNA exists as an mRNA-like free
RNA and virion RNA in the honeybee. Furthermore, injection of the lysate supernatant from the attacker heads
into the heads of noninfected bees resulted in a marked increase in Kakugo RNA. These results demonstrate
that Kakugo RNA is a plus-strand RNA of a novel picorna-like virus and that the brains of aggressive workers
are infected by this novel virus. Kakugo RNA was detected in aggressive workers but not in nurse bees or
foragers. In aggressive workers, Kakugo RNA was detected in the brain but not in the thorax or abdomen,

indicating a close relation between viral infection in the brain and aggressive worker behaviors.

The European honeybee Apis mellifera L. is a eusocial insect,
and the workers perform diverse tasks to maintain colony ac-
tivity, such as comb-building, nursing, guarding, and foraging,
according to age after eclosion (age polyethism) (36). Guard
bees gathering at the entrance of the hive are highly aggressive
and often scramble to counterattack natural enemies, such as
hornets, to protect the colony (4, 5). The worker honeybee
stinger is part of a highly modified ovipositor that evolved for
defensive functions. The stinger is hooked and the worker loses
it after use, resulting in the death of the bee. The advantage of
losing the stinger is that the venom sac is then activated to
inject additional venom after the sac detaches from the abdo-
men of the workers. The attacking behavior of guard bees is
self-sacrificing and is therefore considered to be a typical al-
truistic behavior exhibited by the workers (35). Thus, the hon-
eybee is an attractive model for the study of altruistic aggres-
sive behaviors. Quantitative trait locus analysis has been used
to identify the loci related to aggressive worker behaviors (11,
12). The genes responsible for the aggressive behaviors, how-
ever, have not yet been identified.

Previously, members of our laboratories used the differential
display method to identify genes expressed preferentially in the
mushroom bodies (MBs), which are important for sensory
integration, memory, and learning in the insect brain, with the
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aim of identifying candidate genes involved in the highly ad-
vanced behaviors of the honeybees (17, 30, 32, 33). We ex-
pected that this method would also be useful for identifying
genes expressed in an aggressive behavior-selective manner in
the honeybee brain.

The giant hornet Vespa mandarinia japonica is the most
formidable natural enemy of honeybees in Japan (21, 25). For
the present study, to identify a candidate gene(s) involved in
the aggressive behavior of honeybee workers, we used the
differential display method to search for genes expressed se-
lectively in the brains of workers that exhibited attacking be-
havior against hornets. A novel RNA was identified that was a
genome-sense RNA of a putative picorna-like virus.

MATERIALS AND METHODS

Collection of honeybees. Honeybee A. mellifera L. Italian race colonies were
maintained at the Experimental Station for Medical Plant Studies (Chiba, Japan)
of the University of Tokyo. Hornets, V. mandarinia japonica, caught near Tama-
gawa University, were used throughout the experiments. For collection of ag-
gressive workers, a worker hornet that had its stinger removed was hung by a
string around its neck and presented as a decoy to the guard bees. Some of the
bees (attackers) scrambled and grappled with the hornet obstinately, shaking
their wings and bending their abdomens. They were collected with tweezers and
immediately anesthetized on ice. To collect nonaggressive workers, a comb was
taken from the hive and the decoy hornet was presented to the workers that were
gathered on the comb. Some of the bees escaped from the hornet and they were
collected as escapers (control bees for attackers). Attackers and escapers were
collected four times (October and November 1999 and August and November
2000) from two different colonies. Nurse bees and foragers were collected ac-
cording to their behaviors. Nurse bees were feeding the brood and foragers had
returned to the colony after foraging for pollen (19).
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RNA extraction and differential display. The MBs were dissected from the
heads of 100 attackers, escapers, nurse bees, and foragers. The heads, thoraxes,
and abdomens of five attackers were collected. The samples were stored at
—80°C before use. Each tissue was homogenized with a Polytron homogenizer
(Central Scientific Commerce Inc., Tokyo, Japan), and total RNA was extracted
with RNAgent (Promega, Madison, Wis.). RNA was treated with RNase-free
DNase I and then reverse transcribed, with or without Superscript II (Invitrogen
Corp., Carlsbad, Calif.), by use of an anchored oligo(dT) primer. Differential
display was performed as described previously (14, 17, 20, 30, 32, 33) by use of
a fluorescence differential display kit (Takara, Shiga, Japan) and arbitrary 10-
mers with 178 primer combinations and LA Tag polymerase (Takara). Differ-
ential display was performed with three different RNA samples, each of which
was extracted from 100 MBs.

Subcloning and sequencing. Bands of interest were excised, and the DNA was
reamplified by PCR with the same primer combinations used for the differential
display method, except that BamHI sites were added at both the 5'- and 3'-
flanking regions. The reamplified DNA was ligated into a pGEM-T or pGEM-T
Easy vector (Promega) at the Smal site and transfected into Escherichia coli
JM109 or DHS« (Takara). The nucleotide sequences of both strands for multiple
independent clones were determined by DNA sequencing reactions performed
by the dideoxynucleotide cycle sequencing method, using a Dye Terminator cycle
sequencing kit (Applied Biosystems, Tokyo, Japan) and an ABI Prism 3100
genetic analyzer (Applied Biosystems).

Semiquantitative RT-PCR. For reverse transcription (RT)-PCR, RNA from
the MBs of the attackers and the escapers was treated with DNase and reverse
transcribed as described above. PCR was performed with gene-specific primers
(+8388 to +8415 and +8745 to +8765 for Kakugo cDNA and +2 to +21 and
+376 to +395 for honeybee cytoplasmic actin cDNA [24]) and Ex Taq (Takara)
under the following conditions: 94°C for 30 s, 55°C for 30 s, and 72°C for 40 s.
Experiments were repeated for three RNA samples obtained from two different
colonies on October and November 1999 and August 2000.

5’- and 3'-RACE. For rapid amplification of cDNA ends (RACE), RNA from
the MBs of the attackers was treated with DNase and reverse transcribed as
described above. Experiments were performed with the Marathon-Ready cDNA
kit (Clontech, Palo Alto, Calif.) according to the manufacturer’s protocol, using
Ex Taq polymerase (Takara). The amplified DNA fragments were subcloned,
and the nucleotide sequences of both strands were determined.

Southern blotting. DNA (10 pg each) extracted from the whole bodies of the
nurse bees was digested with 100 U of EcoRI (Takara), subjected to 0.8%
agarose gel electrophoresis, and transferred to a nylon membrane (GeneScreen
Plus; NEN Life Science Products, Inc., Boston, Mass.). A 378-bp fragment of
Kakugo cDNA (+8388 to +8765) and a 366-bp fragment of Mblk-1 cDNA
(+12151 to +12516) (33) were used as probes. The probes were labeled with 3P
by use of a StripEZ DNA kit (Ambion, Austin, Tex.). Hybridization was per-
formed with ExpressHyb hybridization solution (Clontech) according to the
manufacturer’s protocol. After hybridization, membranes were washed and ex-
posed to Kodak X-ray film (Rochester, N.Y.).

Phylogenetic analysis. The highly conserved fragments of RNA-dependent
RNA polymerase (RdRp) amino acid sequences encompassing motifs 1 to 8 of
RdRps of the picornaviruses (amino acid positions 2559 to 2829) were used for
phylogenetic analysis by the neighbor-joining method (34). The statistical signif-
icance of the branch order was estimated by performing 1,000 replications of
bootstrap resampling of the original aligned amino acid sequences.

Infection of the worker honeybees with head lysate containing Kakugo virus.
Whole heads of 70 attackers or foragers were homogenized with 10 volumes of
phosphate-buffered saline (PBS; 8.1 mM phosphate buffer, pH 7.4, containing
137 mM NacCl, 2.68 mM KCl, and 1.47 mM KH,PO,) in a glass homogenizer.
The homogenates were centrifuged at 1,500 X g for 15 min at 4°C, and the
supernatants were used as the inoculum for infection. The presence of Kakugo
virus in the attacker head supernatants was confirmed by RT-PCR analysis.

For inoculation of workers with Kakugo virus, 1 ul of the supernatant or PBS
was injected into the heads of foragers ventrally from the neck. The inoculated
foragers were kept in separate cages at 25°C and collected at different times after
injection. Each whole head was homogenized with 300 wl of PBS in a glass
homogenizer, and the resulting homogenates were centrifuged at 1,500 X g for
15 min at 4°C. The total RNA was extracted from 250 pl of the supernatants with
750 wl of TRIzol LS, according to the manufacturer’s protocol (Invitrogen), and
was subjected to quantitative RT-PCR to detect Kakugo RNA.

Sucrose density gradient centrifugation. Whole thoraxes from seven foragers
inoculated with Kakugo virus were homogenized with 10 volumes of PBS in a
glass homogenizer, and the homogenate was centrifuged at 1,500 X g for 15 min
at 4°C. The supernatant (100 pl) was homogenized with 10 pl of 20% N-
lauroylsarcosine sodium salt, added to 20 pg of yeast tRNA and 40 U of RNase
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out (Invitrogen), and then loaded in a 15 to 30% sucrose density gradient column
prepared in diethyl pirocarbonate-treated distilled water. Centrifugation was
performed at 200,000 X g for 1 h at 4°C with a Beckman SW55Ti rotor (Beckman
Coulter, Inc., Fullerton, Calif.). Next, 520-pl fractions were collected and 250 .l
of each fraction was used to determine the Kakugo RNA content by quantitative
RT-PCR. The total RNA (500 ng) extracted from the same lysate of forager
thoraxes that were inoculated with Kakugo virus and the partially purified virion
of the type 1 poliovirus (PV) Mahoney strain [PV1(M)OM] (31) were also
loaded in the sucrose density gradient centrifugation column, separately, as
controls.

Quantitative RT-PCR. PCR was performed with Light Cycler and LightCy-
cler-DNA master hybridization probes (Roche, Basel, Switzerland) according to
the manufacturer’s protocol, using gene-specific primers (+8388 to +8415 and
+8745 to +8765 for Kakugo cDNA and +2 to +21 and +376 to +395 for
honeybee cytoplasmic actin cDNA) and fluorescent probes (+8654 to +8679 and
+8681 to +8716 for Kakugo cDNA and +297 to +313 and +315 to +354 for
actin cDNA) in a total volume of 20 wl. The PCR conditions used were as
follows: 95°C for 1 s, 55°C for 10 s, and 72°C for 10 s. Kakugo and actin cDNA
clones of known concentrations were used as standards.

Nucleotide sequence accession number. The nucleotide sequence reported in
this paper has been submitted to the DDBJ/EMBL/GenBank data bank under
the accession number AB070959.

RESULTS

Identification of Kakugo RNA, which was detected exclu-
sively in the brains of aggressive workers. We selected workers
based on their attacking behavior against the hornet V. man-
darinia japonica. Guard bees that counterattacked a hornet
presented as a decoy were collected as aggressive workers
(attackers) (Fig. 1A and B) and workers that were in the hive
and escaped from the hornet were collected as nonaggressive
workers (escapers) (Fig. 1C and D). Total RNAs were ex-
tracted, and RNAs that were differentially detected in the
brains of the attackers and the escapers were screened by the
differential display method. One of the candidate bands for
attacker-specific genes, termed Kakugo (which means “ready
to attack” in Japanese), was subcloned and sequenced. To
confirm the attacker-specific presence of Kakugo RNA, semi-
quantitative RT-PCR analysis was performed with the total
RNAs from the MBs of the attackers and escapers. Kakugo
RNA was detected specifically in the attackers, dependent on
the RT reaction, although the control actin mRNA was de-
tected almost equally between the attackers and escapers. Es-
sentially the same results were obtained with three RNA sam-
ples obtained from two different colonies. These results
indicate that Kakugo RNA was present in the MBs of the
attackers but not in those of escapers.

cDNA cloning of Kakugo RNA, which encodes a putative
polyprotein for a novel picorna-like virus. By repeating the 5’'-
and 3'-RACE methods, we identified a full-length Kakugo
cDNA, of 10,152 bp without the poly(A) tail, that contained a
large open reading frame (ORF) encoding 2,893 amino acid
residues (Fig. 2A). The ORF started at nucleotide 1157 in a
context (GAAAUGG) that matches Kozak’s rule for inverte-
brate initiation sites (A/GNNAUGG/A) (6). A database
search revealed significant sequence similarities between this
protein and polyproteins of various picorna-like viruses, espe-
cially sacbrood virus (SBV), which is infectious to the honey-
bee (8) (Fig. 2B).

Picornavirus is an RNA virus and its genome is replicated by
RdRp, which is encoded by the viral genome. The viral RNA
is translated into a single polyprotein followed by processing in
the following four domains: virion protein (VP), helicase
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FIG. 1. Identification of Kakugo RNA in the brains of attacker
honeybees. (A) A hornet (blue arrow) was hung by a thread and
presented as a decoy to the guard bees. (B) Some guard bees scram-
bled and obstinately attacked the hornet. (C) The hornet was pre-
sented to the workers inside the hive. (D) Some of the workers escaped
from it. (E) Semiquantitative RT-PCR using total RNA from the MBs
of the escapers (lane 1) and attackers (lane 2). Gene-specific primer
sets for Kakugo and actin were used. RT (—), control experiment with
RT-negative template and Kakugo-specific primer set.

(Hel), protease (Pro), and RdRp domains (18). The order of
the domains for the Kakugo protein is the same as that for
other picornavirus polyproteins. There are significant sequence
identities (18 to 37%) among the domains of the Kakugo
protein and other picornavirus polyproteins (Fig. 2B). Phylo-
genetic tree analysis using amino acid sequences correspond-
ing to the RdRp domains of various picorna-like viruses re-
vealed that this putative virus belongs to the insect picorna-like
virus family (Fig. 2C). Kakugo RNA has a total G+C content
of 38% and resembles other insect picorna-like viruses in being
A/U rich.

To further examine whether Kakugo RNA is encoded by the
honeybee genome, we performed Southern blotting analysis,
using Kakugo cDNA as a probe (Fig. 3). Kakugo RNA was not
detected in the honeybee genome, whereas a single band was
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detected for the MB-preferential transcription factor Mblk-1
(26, 27, 33), indicating that Kakugo RNA is not encoded by the
honeybee genome. Furthermore, the Kakugo RNA sequence is
not included in the genomic sequences annotated and regis-
tered to date by the honeybee genome project (Human Ge-
nome Sequencing Center at Baylor College of Medicine [http:/
hgsc.bem.tmc.edu/projects/honeybee/]). These results strongly
suggest that Kakugo RNA is a foreign RNA derived from an
RNA virus and that the attackers’ brains were infected by this
putative RNA virus, Kakugo virus.

Kakugo RNA has a 5" untranslated region (UTR) of 1,156
bases, which is a similar size to those of the UTRs of other
picornaviruses (610 to 1,200 nucleotides [nt]) (15) and is long
enough to contain an internal ribosomal entry site, which is
usually approximately 450 bases in length (15). There were
many AUG sequences upstream of the putative translation
initiation codon for the polyprotein, which is the 32nd AUG
sequence from the 5’ end of the Kakugo RNA sequence (data
not shown). The number of AUG sequences in the 5" UTR is
remarkably higher than that of other picornaviruses. This re-
gion might function as an internal ribosomal entry site.

Comparison of the domain structure of Kakugo polyprotein
with those of other picornavirus polyproteins. For further se-
quence analysis, the amino acid residues of the Kakugo protein
were compared with those of various picornavirus polypro-
teins. First, most of the amino acid residues conserved among
the VP domains of picornavirus polyproteins are also con-
served in residues 322 to 392 and 590 to 667 of the Kakugo
protein (Fig. 4A and B), whereas the other regions were not
conserved. Many picornaviruses have three or four major
structural proteins; however, not all of them are necessarily
conserved among viruses. Usually two of them are conserved
among insect picorna-like viruses. The Kakugo protein also
had two domains similar to those of other insect picorna-like
viruses, consistent with previous findings (8, 10, 29, 37).

Second, most of the amino acid residues considered essen-
tial for enzymatic activity are also conserved in the Kakugo
protein. The amino acid sequence for positions 1463 to 1525
was homologous to that of the helicase domain, and both
helicase motifs A and B are included in this region (Fig. 4C).
This region also contained two conserved motifs that are char-
acteristic of the NTP binding sequence (Fig. 4C, arrowheads)
(9). The amino acid sequence for positions 2300 to 2328 was
similar to those of the protease domains of various picorna-like
virus polyproteins. In particular, the cysteine protease motif
(GXCQG) (Fig. 4D, white arrowheads) and putative substrate
binding residues corresponding to G**3, H #*%°, and G**%*
(Fig. 4D, blue arrowheads) were all conserved in this domain
(18). Moreover, the C-terminal region of the Kakugo protein
was homologous to the RdRp domain. The amino acid se-
quence for positions 2638 to 2803 was similar to motifs 4 to 7
of the RARp domains of various picorna-like viruses (Fig. 4E),
and most of the invariant amino acids of the RdRp domain
(28) were also conserved (Fig. 4E, arrowheads). These results
provide further support that Kakugo RNA encodes active viral
proteins.

Kakugo RNA as the genomic RNA of an infectious virus. If
the Kakugo RNA encodes a viral polyprotein, it could exist as
mRNA as well as genomic RNA within a mature virion in
honeybee tissues. For testing of this possibility, the whole
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FIG. 2. Kakugo RNA encodes a polyprotein of a putative picorna-like virus. (A) Graphic representation of the positions of the initiation codons
and termination codons in the Kakugo cDNA. Termination codons (TAA, TAG, and TGA) and the initiation codon (ATG) are indicated by long
blue and short pink vertical lines, respectively, in each of three reading frames. The numbers indicate base numbers from the 5’ end. (B) Structure
of Kakugo cDNA and comparison of putative amino acid sequence of the Kakugo protein with those of other picorna-like virus polyproteins. Open
and shaded boxes show the ORFs carried by the Kakugo cDNA and the domains of the Kakugo polyprotein, respectively. Numbers indicate the
base positions corresponding to each domain. Sequence identities with the Kakugo protein in the helicase (Hel), protease (Pro), and RdRp
domains are indicated below the corresponding domains. Bracket 1, the insect picorna-like viruses SBV (8), Perina nuda picorna-like virus (PnPV)
(37), and infectious flacherie virus (IFV) (13); bracket 2, the mammalian picornaviruses hepatitis A virus (HAV) (22), foot-and-mouth disease virus
(FMDV) (7), and PV (23); bracket 3, the cricket paralysis-like viruses acute bee paralysis virus (ABPV) (10) and Drosophila C virus (DCV) (16).
(C) Phylogenetic tree constructed with the highly conserved amino acid sequences encompassing motifs 1 to 8 of the RdRp domains by the
neighbor-joining method. KV, putative Kakugo virus. Numbers at each node represent bootstrap values as the results of 1,000 replicons.

worker abdomen lysate that contained Kakugo RNA was sub- ugo RNAs, except for the material at the bottom, from the
jected to sucrose density gradient centrifugation, and the thorax lysate were detected in two major peaks, fractions 1 and
amount of Kakugo RNA in each fraction was determined by 2 and fractions 6 to 8 (Fig. 5A), whereas Kakugo RNA from the
quantitative RT-PCR. When the fractions were analyzed, Kak- total thorax RNA was detected as a single peak in fractions 1
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FIG. 3. Southern blotting analysis of Kakugo DNA. Southern blot-
ting analysis was performed with honeybee genomic DNA (10 ng)
digested with EcoRI, with a partial Kakugo cDNA as a probe (lane 1).
The Mblk-1 gene, which encodes a transcription factor (26, 27, 32), was
also analyzed as a loading control (lane 2). Plasmid cDNAs (5 pg each)
for Kakugo and Mblk-1 were included as hybridization controls (bot-
tom). The band positions are indicated by arrows.

and 2 (Fig. 5B). PV virion used as a control was detected
mainly in fraction 7. These results suggest that Kakugo RNAs
detected in these fractions correspond to free RNA and/or
mRNA (fractions 1 and 2) and to genome-sense RNA consti-
tuting the virion (fractions 6 to 8). The material at the bottom
might correspond to aggregates and/or cell debris that contains
Kakugo RNA (fraction 10).

Next, to demonstrate that Kakugo RNA is also the virion
RNA for an infectious virus, we examined the infectivity of the
Kakugo virus. Head lysate (1 pl) from the attackers or the
foragers or PBS was injected into the heads of noninfected
foragers (see Fig. 7). Total RNA was extracted from the heads
0, 1, 2, and 3 days after the inoculation and was subjected to
quantitative RT-PCR to detect Kakugo RNA. There was a
marked increase in the amount of Kakugo RNA 3 days after
inoculation with the attacker head lysate (Fig. 6), although no
significant amount of Kakugo RNA was detected from the
heads of foragers 1 to 3 days after inoculation with noninfected
forager head lysate or PBS. These results indicate that Kakugo
RNA constitutes an infectious virus (Kakugo virus) in the
honeybee. The workers inoculated with attacker head lysate or
PBS were viable for at least 3 days.

Exclusive presence of Kakugo RNA in the brains of aggres-
sive workers. Honeybee workers shift their tasks according to
age after eclosion, from nursing to guarding to foraging (36).
To examine whether the presence of Kakugo RNA is closely
related to aggressive honeybee behaviors, we performed quan-
titative RT-PCR, using RNAs from the brains of the attackers
as well as from nurse bees and foragers. Kakugo RNA was
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detected specifically in the attackers’ brains, whereas there
were no significant signals in the brains of nurse bees or for-
agers (Fig. 7A). We also examined the body parts of the at-
tackers in which Kakugo RNA was present by quantitative
RT-PCR. Kakugo RNA was detected almost exclusively in the
brains of the attackers and not in other body parts, including
the thorax and abdomen (Fig. 7B). The whole head content of
Kakugo RNA was also below the detection level, possibly due
to the concentrated presence of Kakugo RNA in the brain. We
could not eliminate the possibility that other organs in the
thoraxes and abdomens might also be infected by Kakugo
virus, but at levels below the detection limit. Taken together,
our results indicated a close correlation between the presence
of Kakugo RNA in the brain and aggressive honeybee behav-
iors.

DISCUSSION

In the present paper, we identified Kakugo RNA as the
genome-sense RNA of a novel insect picorna-like virus which
is infectious specifically in the brains of aggressive worker
honeybees. The identification of Kakugo RNA as a viral ge-
nome-sense RNA was based on the following observations. (i)
Kakugo RNA encodes a protein homologous to the picorna-
like virus polyproteins. Particularly, the presence of the RdRp
domain is characteristic of the RNA viruses. (ii) The amino
acid residues conserved among the domains of the picorna-like
virus polyproteins were also conserved in the Kakugo protein,
further supporting the idea that Kakugo RNA encodes active
viral proteins. (iii) Kakugo RNA is not encoded by the honey-
bee genome. (iv) Kakugo RNA exists as mRNA-type RNA as
well as genome-sense RNA in infected worker tissues. (v)
Kakugo RNA constitutes an infectious virus, as revealed by
inoculation experiments. To our knowledge, this is the first
study to demonstrate a close relationship between a viral in-
fection and honeybee aggressive behaviors. Some questions
then arise regarding the ecology of this novel virus. How and
when are the attackers infected with this virus and what is the
possible relationship between Kakugo virus infection and hon-
eybee aggressive behaviors?

SBV infects honeybees. SBV infection during the larval
stage is lethal, and infection in the adult shortens the worker
life span (2). Honeybee adults exchange nutrients orally, and
SBV infects honeybees orally (1). Similarly, Kakugo virus
might be transmitted by oral infection between the colony
members. Alternatively, Kakugo virus might be transmitted
accidentally by bodily injury from infected colony members or
by other organisms (e.g., a mite that is parasitic for honeybees
or hornets) that carry the virus. Since Kakugo RNA is detected
specifically in the attackers but not in the nurse bees or forag-
ers in normal colonies, Kakugo virus infection might affect the
honeybee behaviors so that the infected workers tend to be-
come attackers. The relationship between Kakugo virus infec-
tion and honeybee aggressive behaviors, however, is not clear
at present, as it was difficult to observe the aggressive behaviors
of the workers that were removed from the hive, inoculated
with Kakugo virus, and kept in a cage. To overcome this issue,
it will be necessary to establish a method for inoculation of
Kakugo virus into workers without damage to observe their
behaviors in the normal colony. It is also unclear whether the
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—VTSFLKRQ
DKFEFLSRG
SELTFLKRS
TDVTFLKRH
ENVTFLKRF
EDVQYLKRK
EDIFFLKRK

JAA

VVP-TFDNIGAY-YSVLLDVQ-DOSVYTFKIPYQA

2803
2766
2845
2865
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2251
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1814
1662

322: PAYWRGDMEVRVQISSNKFQOVGQLQOATWYYSDHENLN-ISSKRSVY-GFSQMDHALISASASNEAKLV IPFKHV
257 : YVYGKYELEMKFVANGNKFQCGKVIISVKFDSYQADN-INTGFQAA~~~LSRPHIMLDLSTNNEGVLKIPFRYH
420: HAFYKSDIELKVQVNSQPGOSGYLILGAMYEASEGTA-IGNRVDHAANIVAMPHMRISAGASNSGDMVIPYIRH
256: FTLMKTDLEITLKINSNQAQAGRYVLASYPCRRQAFG-VADSVFQQ---IQREHVEVDVSTSADAILQIKYENL
109: FVGLRATLVIKVQVNSQPFQOQGRLMLQYYPYAQYMPNRVSLVNSTLOGRSGCPRTDLDLSVGTEVEMRIPYVSP
124: HTYARFGIEIQVQINPTPFQOQGGLICAMVPGDQSYGSIASLTVYPHGLLNCNINNVVRIKVPEIYTRGAYHFKD
168: HYLGRSGYTVHVQCNASKFHQGALGVFAVPEMCLAGDSNTTTMHTSY ONANPGEKGGTFTGTEFTPDDNQTSPAR
590: APVGVVSSMFMOWRGSLEYRFDIIASQFHTGRLIVGYVPGLTASLOQOMDYMKLKSS~-SYVVFDLO-ESNSFTFEVPYVS
528: TPMEYVTGLYNFWSGPIELRFDFVSNAFHTGTIVIIS-AE--YNR-SSTNTDECQSHSTYTKTFHLG-EQKSVHFTVPYIY
741: TPMAALAGQYGGYHGDLEMRLTFAVSKFHSGRIFIVYSPD-————
575: PPVTYISQLFQGYTGELEYEFIPVKTAAHNFSILVAFVPFD~---GEPGNTTFAQALSCHYKIIDFR-TNSAGVFTVPFVS
443: THMGFVANTHGYWCGSIVYTFKFVKTQFHSGRLRISFIP-FYYNTTIS-AGVPDVSRTQKVIVDLR-TSTEVSFTIPYVS
344: TALASICOMFCFWRGDLVFDFQVFPTKYHSGRLLFCFVPGNE~LIDVSGITLKQATTAPCAVMDITGVOSTLRFRVPWIS
439: TMLGEILNYYTHWAGSLKFTFLFCGSMMATGKLLVSYAPPGA---DPP-KKRKEAMLGTHVIWDIG-LOSSCTMVVPWIS
A B
1463 RECFTICMCGASGIGKSYLT 1482-1517 FQPVLCVDD 1525
1371 YEPFVICIEGPAGIGKSEIV 1390-1426 DQPVVVYDD 1434
1542 PVPFCLWVYGHSGCGKSHVC 1562-1596 GQKLISWQD 1604
1378 FEPFVVWIFGPRGVGKSTLL 1397-1434 GQPIVLYDD 1443
1221 CEPVVCYLYGKRGGGKSLTS 1240-1274 GQLVCIIDD 1282
1208 PEPVVVCLRGKSGQGKSFLA 1227-1260 QQTVVVMDD 1268
1247 IEPVCLLVHGSPGTGKSVAT 1266-1296 QQGVVIMDD 1304
535 TQPIVIWLFGESGRGKSGMT 554- 594 GONIVCMDD 602
440 MRPICLWLVGESGVGKTEMV 459- 497 GOKIVIYDD 505
JARRVARAVA'AY M
2300 YPYH-GDGVCGSILLSRNL--QRPIIGIHVAG 2328
2259 YDYS-QQGACGSLCFLSRS--QRPIVGMHFAG 2287
2373 YWLGSQSVRCGSLIMSNN-=--—— LLCGFHVAQ 2399
2390 TPTQAK-GMCLTAFLDKQG----NILGFHVAG 2416
1682 GKGEGLPGMCGGALVSSNQSIQNAILGIHVAG 1713
1803 YRAATKAGYCGGAVLAKDG-ADTFIVGTHSAG 1833
1703 YNFPTRAGQCGGVITCTG-——-— KVIGMHVGG 1729
1296 YTMPTTNGDCGAPLVINETQVIRKIAGIHVAG 1327
1143 YNAPTRTGDCGSIIGLYNKYLERKIIGMHIAG 1174
A M AA A
4 5
2638 GDYKNFGPGLD 2648-2701 PCGIPSGSPITDILNTISNCLLIRLAW
2600 IDYSNFGPGFN 2610-2659 KCGSPSGAPITVVINTLVNILYIFVAW
2698 EDYSGFGPGFH 2709-2760 LCGSPSGAFATDRINSIANLCYHCICY
2700 MDYKNYSDAIP 2710-2761 NNGVLAGHPMTSVVNSVVNLILMNYMW
1981 LDFPAFDASLS 1991-2035 CGSMPSGSPCTALLNSIINNVNLYYVE
2101 VDYSAFDANHC 2111-2155 GGGMPSGCSATSIINTILNNIYVLYAL
1980 FDYTGYDASLS 1990-2031 KGGMPSGCSGTSIFNSMINNLIIRTLL
1643 GDFSTFDGSLN 1653-1700 THSQPSGNPATTPLNCFINSMGLRMVF
1488 GDFGNFDGSLV 1498-1554 THSQPSGNPFTVIINCLYNSIIMRLSW

J. VIROL.

FIG. 4. Comparison of the amino acid sequences of functional domains of the Kakugo polyprotein and other picorna-like virus polyproteins.
(A) One of the VP regions of Kakugo virus with the corresponding region of SBV, CP1 of PnPV, VP3 of IFV, VP1 of DCV, VP2 of HAV, and
the corresponding region of PV. Residues that are identical for at least four of the seven viruses are shown in red (A and B). (B) The other VP
region of the Kakugo virus with the corresponding region of SBV, CP3 of PnPV, VP1 of IFV, VP2 of DCV, VP3 of HAV, and the corresponding
region of PV. (C) The putative motifs A and B in the helicase domain of the Kakugo virus with those of SBV, PnPV, IFV, HAV, FMDV, PV,
ABPV, and DCV. Amino acid residues that are essential for enzymatic activity are indicated by arrowheads (C and E). (D) The C terminus of the
putative protease domain of Kakugo virus with those of SBV, PnPV, IFV, HAV, FMDV, PV, ABPV, and DCV. The protease motif and amino
acid residues involved in substrate binding are indicated with white and blue arrowheads, respectively. (E) The putative motifs 4 through 7 in the
RdRp domains of Kakugo virus with those of SBV, PnPV, IFV, HAV, FMDV, PV, ABPV, and DCV. Residues that are identical in at least five
of the nine viruses are shown in red (C, D, and E). Arrowheads indicate the consensus amino acids within RdRp motifs. Numbers show amino
acid positions from the N terminus.
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FIG. 5. Sucrose density gradient centrifugation of the honeybee tissue lysate that contained Kakugo RNA. The lysate (A) and the total RNA
(B) prepared from thoraxes of the foragers inoculated with Kakugo virus were each subjected to sucrose density gradient centrifugation, and the
amount of the Kakugo RNA in each fraction was determined by quantitative RT-PCR. Arrow, the fraction in which the PV virion was mainly found.
The solid and broken lines indicate the amount of Kakugo RNA and the putative sucrose concentration, respectively.

virus has some pathogenic or lethal effects on honeybees, like
most other animal viruses at present, as the inoculated workers
were viable for at least 3 days in the cage. If the Kakugo virus
has some pathogenic effect on the honeybees, however, the
attacking behavior of the infected workers might act as a self-
defense system at the colony level, as the attacking behavior
might shorten the life span of the infected workers and help to
eliminate the virus from the colony.

The amount of Kakugo RNA detected in attacker heads was
much less than that detected in forager heads artificially inoc-
ulated with Kakugo virus. This might be explained by the fact

7.00

6.00 e

Relative Kakugo RNA content

Days post inoculation

(N=3,5,4,5 6,8,88 3,3,3,2 6,7,6,8)

FIG. 6. Kakugo RNA constitutes an infectious virus. Foragers in-
oculated either with head lysate from the attackers (circle), head lysate
from the foragers (triangle), or PBS (square) were collected at differ-
ent times after inoculation. Noninjected foragers (lozenge) were also
collected as controls. Kakugo RNA and actin mRNA levels, which
served as a control, were determined by quantitative RT-PCR. The
mean value of relative Kakugo RNA content normalized to that of
actin mRNA is shown with a bold bar showing standard errors. N, the
number of samples used for each experiment; asterisk, differences
were significant, with a P value of <0.05 by the unpaired ¢ test.

that the amount of Kakugo virus inoculated artificially (1 pl of
attacker head lysate) into the foragers was much higher than
that transmitted from infected workers to the other nonin-
fected workers in a normal colony. Alternatively, heavily in-
fected attackers might be eliminated from the colony so that
we could not detect any attackers with a high titer of Kakugo
RNA in the head.

Very recently, sequences similar to Kakugo RNA (98 and
97% homology) were registered in GenBank (accession num-
bers AJ489744 and AY292384) as the genome-sense RNA of
the deformed wing virus (DWYV) of the honeybee (unpublished
data). Kakugo RNA and the registered DWV genome-sense
RNAs differ in the following two ways. (i) There are at least
201 nucleotide substitutions, deletions, or insertions which are
unique to Kakugo RNA; 21 of them result in amino acid sub-
stitutions in the polyproteins and 7 of them are located in the

>
=]
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FIG. 7. Kakugo RNA is detected almost exclusively in the brains of
attackers. (A) Relative Kakugo RNA content in the MBs of nurse bees
(N), attackers (A), and foragers (F). As many as 100 of each were
examined by quantitative RT-PCR with Kakugo-specific primers and
probes (black bar). actin mRNA was also examined to show that
essentially the same amount of RNA was contained in each sample
(dotted bars). Values are represented as percentages of Kakugo or
actin mRNA relative to that in the attacker brains. (B) Relative RNA
content of the MBs, heads (H), thoraxes (T), and abdomens (A) from
five attackers, examined with Kakugo-specific (black bar) and actin-
specific (dotted bars) primers and probes.
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conserved domain structures. (ii). The 5" UTRs of the regis-
tered DWV genome-sense RNAs are 16 and 11 nt shorter than
that of Kakugo RNA. DWYV is transmitted from the bee mite,
Varroa jacobsoni, into the honeybee, and the viral infection is
suggested to cause morphological deformity of the adult wing
when it infects honeybee larvae (3). Although we do not have
any more information about the relationship between Kakugo
virus and DWYV, they might be closely related viruses carrying
different pathogenicities, as no significant DWV symptoms are
observed in our colonies. Further analyses are needed to clarify
the relationship between these two virus species.
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